INTRODUCTION {#SEC1}
============

Nucleotide excision repair (NER) represents a major DNA repair pathway, which removes helix distorting DNA lesions such as 6-4 photoproducts and cyclobutane pyrimidine dimers (CPDs) from chromatin ([@B1]). Mammalian NER comprises of two subpathways that vary in the mechanism of DNA lesion recognition. Transcription-coupled NER (TC-NER) is carried out at regions of active transcription, where stalled RNA Polymerase II elicits the DNA damage response. Global genome NER (GG-NER) carries out the transcription-independent repair of DNA lesions. The recognition step of both subpathways is followed by verification of the lesion, and by the generation of the pre-excision complex consisting of TFIIH and its helicase subunits XPB and XPD. Subsequently, the lesion is excised by the endonucleases XPF and XPG and the gap is refilled by DNA polymerases ([@B2],[@B3]).

Another important feature of DNA repair and a hallmark of the DNA damage response is H2A-ubiquitylation. Ubiquitin signaling has been extensively studied at DNA double strand breaks. The E3 ligases RNF168, RNF8 and RING1B were reported to catalyze H2A-ubiquitylation thereby facilitating accumulation of repair proteins ([@B4]--[@B7]). During NER, H2A-ubiquitylation is catalyzed by the E3 ligase RNF8, the UV--DDB-CUL4 and UV--RING1B complexes ([@B8]--[@B12]). We have recently shown that ZRF1 is an essential factor in NER ([@B12]). ZRF1 interacts with the H2A--ubiquitin mark generated by the UV--RING1B complex. Its presence at damaged chromatin depends on XPC, a structure specific DNA binding factor, which specifically binds helix-distorting structures ([@B12]--[@B14]). At the lesion site, ZRF1 mediates the specific exchange of the cullin and E3 ligase subunits from the UV-RING1B complex, converting it into the DDB--CUL4A E3 ligase complex ([@B12],[@B15]). However, it is currently not known whether ZRF1 interacts with other components of chromatin signaling during the DNA damage response.

The endoribonuclease DICER contributes to the DNA damage response by generating small non-coding RNAs that entail the sequence of the damaged locus ([@B16]--[@B19]). At DNA double strand breaks, DICER seems to be essential for the activation of the DNA damage response and checkpoint control ([@B16]). More recently, it was demonstrated that DICER is necessary for the recruitment of the mediators MDC1 and 53BP1 ([@B20]). However, insights into the molecular mechanism of DICER at DSBs are still relatively sparse. Apart from its specific regulatory function at DSBs, DICER is involved in the formation of heterochromatin ([@B21]). Here, we report that DICER plays an essential role in NER and that, in contrast to its role in gene regulation, it facilitates the decondensation of damaged chromatin.

MATERIALS AND METHODS {#SEC2}
=====================

Unscheduled DNA synthesis {#SEC2-1}
-------------------------

UDS experiments were performed as described previously ([@B22]). Briefly, MRC5 fibroblasts were transfected with siRNAs, serum starved for 24 h, irradiated with UV light (20 J/m^2^) and incubated with 10 μM EdU (Thermo Fisher) for 2 h. Alexa-488-azide (Thermo Fisher) was conjugated to EdU using the Click-reaction. The coverslips were mounted in Vectashield with DAPI. Images were acquired with the LAS AF software (Leica) using a AF-7000 widefield microscope (Leica) with a 63×/1.4 oil immersion objective and an ORCA CCD camera (Hamamatsu). Images were analyzed using ImageJ. DAPI was used to define nuclei, and EdU intensity within nuclei was measured after background subtraction. 150--300 nuclei were analyzed per sample. Mean intensities of +UV and --UV conditions for all cells were calculated, and used to estimate the DNA repair occurring in the particular sample.

Recovery of RNA synthesis (RRS) assay {#SEC2-2}
-------------------------------------

RRS assay was performed as described previously ([@B22]). Briefly, MRC5 cells were transfected with siRNAs, irradiated with UV light (11 J/m^2^), and incubated in DMEM containing 1% FBS for 12 h. This was followed by 2 h incubation with EU (Sigma) and subsequent fixation. Alexa-488-azide (Thermo Fisher) was conjugated to EU using the Click-reaction. The coverslips were mounted in Vectashield with DAPI. Images were acquired with the LAS AF software (Leica) using a AF-7000 widefield microscope (Leica) with a 63×/1.4 oil immersion objective and an ORCA CCD camera (Hamamatsu). Images were analyzed using ImageJ as described ([@B22]).

*C. elegans* culture {#SEC2-3}
--------------------

Nematodes were cultured on agar plates at 20°C according to standard procedures. Mutant strains were outcrossed at least three times to the wildtype strain (N2) to clear the genetic background prior to analysis. Some strains were provided by the CGC, which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440).

Measuring DNA damage response in the *C. elegans* germ line {#SEC2-4}
-----------------------------------------------------------

The L4 survival assay was carried out as described ([@B23]). Briefly, late-L4 larval hermaphrodites were irradiated with different doses of UV light. The damage sensitivity of the meiotic pachytene cells of the germline was measured by determining the survival of embryos produced between 24 and 30 h post L4 stage irradiation.

Measuring DNA damage response in the *C. elegans* soma via developmental arrest {#SEC2-5}
-------------------------------------------------------------------------------

The L1 development arrest assay was carried out as described ([@B23]). Briefly, L1 staged worms were synchronized via starvation and irradiated with different doses of UV-C light. Relative larval-stage stalling was determined after 60 h, when control worms were fully fertile.

Cell lines and transfections {#SEC2-6}
----------------------------

HEK293T, U2OS and U2OS 2-6-3 cells were cultured in DMEM supplemented with 10% FBS at 37°C and 5% CO~2~. The medium for U2OS 2-6-3 cells was additionally supplemented with 100 μg/ml Hygromycin to maintain stable insertion of the LacO cassette. The HEK293 T-REx cell lines shScrambled (containing non-targeting shRNA; \#2800272) and shDICER (containing anti-DICER shRNA; \#2800353) were a gift from Petr Svoboda and have been described in ([@B24]). Normal skin fibroblasts (GM15876), MRC-5 fibroblasts (AG05965), XP-A patient cells (GM00710) and CS-A patient cells were purchased from the Coriell Cell Repositories and cultured in DMEM, supplemented with 15% FBS.

Transfection of U2OS 2-6-3 and HEK293T cells was performed by Lipofectamine 2000 (Invitrogen) transfection according to manufacturer\'s instructions. Plasmids used were mCherry-LacR-ZRF1, mCherry-LacR-DICER, mCherry-LacR-DICER^44ab^, EGFP-LacR and EGFP-LacR-DDB2, FLAG-HA-DICER (Addgene \#19881), pCMV2-FLAG-ZRF1. Information on cloning strategies available on request. Control (D-001206-13-05) and DICER (M-003483-00-0005) siRNA was purchased from Dharmacon (siGENOME SMARTpool). Control (EHUEGFP) and PARP1 (EHU050101) esiRNAs were purchased from Sigma.

Plasmid transfection in MRC-5 cells was performed using a Nucleofector 2b (Lonza), Kit:R, program V-020.

UV irradiation and drug treatment {#SEC2-7}
---------------------------------

Cells were irradiated with 20 J/m^2^ UV-C using a CL-1000 UV-crosslinker (UVP) unless stated otherwise. Micropore irradiation experiments were performed on MRC5 fibroblasts. Cells were exposed to localized UV damage (100 J/m^2^) using a micropore membrane with 3-μm pore size as described previously ([@B25]).

PARP inhibitor treatment was performed as described in ([@B26]). Briefly, 5 mM IPTG was added to the cells before and during transfection with the mCherry-LacR-fusion plasmid. IPTG was washed out 24 h post-transfection, and replaced with medium containing 1 μM PARP inhibitor (KU-0058948). Cells were incubated with inhibitor for 16 h, followed by fixation and staining.

Immunofluorescence {#SEC2-8}
------------------

Cells were fixed in 4% PFA for 10 min at room temperature. When indicated, pre-extraction with CSK buffer (10 mM PIPES pH 7.4, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl~2~) containing 0.2% Triton-X was performed for 5 min on ice prior to fixation. Cells were incubated overnight with primary antibody at 4°C. Subsequently, cells were incubated with Alexa-fluorophore-conjugated secondary antibodies (Life Technologies). The mounting was carried out in Vectashield with DAPI (Vector Laboratories). CPD staining (TDM-2 CosmoBio) was performed according to the manufacturer\'s protocol, prior to incubation with primary antibodies.

Antibodies {#SEC2-9}
----------

Antibodies used in this study were: anti-DICER (Cell Signaling, \#3363), anti-ZRF1 (Novus Biologicals, NBP2-12802). RING1B clone (D22F2, Cell Signaling \#5694), XPA (Genetex, GTX103168), H2B (Cell Signaling V119 \#8135).

Chromatin association assays {#SEC2-10}
----------------------------

HEK293T cells (unless stated otherwise) were irradiated with UV and crosslinked by formaldehyde at the indicated time points after UV irradiation. Assays were essentially performed as published ([@B27]).

Mass spectrometry {#SEC2-11}
-----------------

Mass-spectrometry sample preparation, measurement and database search were performed as described elsewhere ([@B28]). Gradient lengths of 45 or 105 min were chosen depending on the IP material obtained. Raw files were processed with MaxQuant (version 1.5.2.8) and searched against the *Homo sapiens* Uniprot database (25 February 2012) using the Andromeda search engine integrated into MaxQuant and default settings were applied. Proteins with at least two peptides, one of them unique, count as identified.

FLAG purifications {#SEC2-12}
------------------

Cells were UV irradiated (20 J/m^2^) and harvested 1 h after exposure (unless stated otherwise). FLAG affinity purifications were performed using FLAG-M2 agarose beads as already published ([@B27]).

RNAseA digestion {#SEC2-13}
----------------

RNAse digestion was performed based on protocols described in ([@B29],[@B30]). Briefly, cells were permeabilized in CSK buffer (10 mM PIPES pH 7.4, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl~2~) containing 0.5% Triton-X and protease inhibitors for 2 min. This was followed by treatment with 1 mg/ml RNAse at RT for 10 min. Cells were then washed once in PBS followed by formaldehyde fixation (for chromatin association assays) or PFA fixation (for immunofluorescence experiments).

MNase digestion and assessment of chromatin condensation {#SEC2-14}
--------------------------------------------------------

Micrococcal nuclease was obtained from New England Biolabs. MNase digestion was performed as described in ([@B31]) with certain modifications. Cells were harvested at specified time points after UV treatment and washed once with Permeabilization Solution I (150 mM sucrose, 80 mM KCl, 35 mM HEPES, pH 7.4, 5 mM K~2~HPO~4~, 5 M MMgCl~2~, 0.5 mM CaCl~2~). Cells were permeabilized in Permeabilization Solution I containing 0.2% Triton X-100 for 2 min. Cells were resuspended in 1 ml Permeabilization Solution II (150 mM sucrose, 50 mM Tris--HCl, pH 7.5, 50 mM NaCl, 2 mM CaCl~2~) containing 7.5 or 15 units of MNAse and incubated for 5 min at RT. This was followed by cell lysis with TNES (10 mM Tris--HCl, pH 7.4, 0.1 M NaCl, 1 mM EDTA, 1% SDS), RNAse A treatment and Proteinase-K digestion as described. DNA was purified using a Qiaquick PCR purification kit and loaded on a 1.5% Agarose gel. DNA bands were labeled 1--8 from high to low molecular weight. Band intensity was measured using ImageLab (BioRad). Intensities were normalized to the band of highest intensity for each sample, and a graph of relative band intensity versus band number was plotted.

RESULTS {#SEC3}
=======

DICER is required for nucleotide excision repair and is recruited to DNA damage sites {#SEC3-1}
-------------------------------------------------------------------------------------

DICER has been previously implicated in DNA damage pathways and is thought to play a role in preventing DNA damage by maintaining heterochromatin structure ([@B32],[@B33]) as well as indirectly through microRNA mediated regulation of DNA damage checkpoints ([@B34]--[@B36]). Specifically, it was shown that knockdown of DICER results in miRNA dependent hypersensitivity to UV irradiation ([@B37]). In order to differentiate between more global effects of DICER on DNA damage repair and a potentially more specific role in nucleotide excision repair, we performed unscheduled DNA synthesis (UDS) assays. We analyzed EdU incorporation specifically in non-S phase MRC-5 fibroblasts exposed to UV damage. Under these conditions the EdU incorporation reflects the efficiency of the core DNA repair process. As a reference we addressed UDS in XP-A and CS-A patient fibroblasts (Figure [1A](#F1){ref-type="fig"}). We observed about a 40% decrease of EdU incorporation in DICER knockdown cells as compared to control cells (Figure [1A](#F1){ref-type="fig"}). This finding suggested that DICER is required for nucleotide excision repair. Next, we wanted to elucidate whether DICER plays a role in either the GG-NER or the TC-NER subpathway. To this end, we monitored the recovery of RNA synthesis (RRS) after exposure to UV damage. Cells deficient specifically in TC-NER (XP-A and CS-A patient fibroblasts) show an impaired recovery, while depletion of GG-NER proteins does not affect the recovery of RNA synthesis. We observed that DICER knockdown cells showed no impairment of RNA synthesis. In contrast XP-A and CS-A deficient fibroblasts showed impaired RRS. ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Additionally, we performed survival assays in *C. elegans*. In *C. elegans*, DNA repair in the germ line occurs mainly via GG-NER during early development, while TC-NER is the main NER subpathway employed during larval development ([@B38]). Upon UV treatment of a DICER mutant (*dcr-1*), we observed a substantial decrease in egg hatching comparable to that observed in a XPA deficient strain (*xpa-1*), which is essential for survival following UV treatment ([@B39]) ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). In contrast, upon irradiation of L1 larvae, we observed no significant developmental arrest in the DICER mutant ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). However, we observed a developmental arrest in both XPA (*xpa-1*) and CSB (*csb-1*) deficient worms, which are deficient in total NER and TC-NER, respectively ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). Taken together these data imply that DICER plays a more prominent role in GG-NER.

![DICER is essential for nucleotide excision repair. (**A**) Knockdown of DICER results in impaired NER. The graph shows relative EdU incorporation as a measure of unscheduled DNA synthesis (UDS) in control (siControl), DICER knockdown (siDICER), XP-A patient fibroblasts (XP-A patient) and CS-A patient fibroblasts (CS-A patient) cells. Mean ± SD, *n* = 3. Statistical significance was assessed by an unpaired *t*-test. (**B**) DICER is recruited to chromatin after UV damage. (Left panel) The blot shows DICER levels in the chromatin fraction in control (siControl) and DICER knockdown (siDICER) cells in UV unexposed cells and 1 h after UV exposure. (Right panel) Quantification of B. The graph shows the relative band intensities for DICER, normalized to a loading control (Ponceau) for control and DICER knockdown cells in --/+UV conditions. (**C**) DICER is recruited to UV lesions. Immunofluorescence images showing DICER recruitment to DNA lesions (marked by CPD) in cells subjected to irradiation through a 3 μm micropore. Recruitment was observed at 50% ±5 lesions, quantified from 30 cells each. *N* = 2.](gkx261fig1){#F1}

Next, we wanted to determine if DICER is recruited to chromatin after UV irradiation. To this end we performed chromatin association assays in HEK293T cells treated with either control or DICER siRNAs followed by UV irradiation (Figure [1B](#F1){ref-type="fig"}, [Supplementary Figure S1D](#sup1){ref-type="supplementary-material"}). We found that DICER is specifically recruited to chromatin after UV irradiation. Additionally, to verify if DICER is localized to the site of DNA damage we performed micropore irradiation experiments. Normal fibroblasts were irradiated through a micropore to generate localized damage, and then stained with CPD and DICER antibodies (Figure [1C](#F1){ref-type="fig"}). We observed that DICER was recruited to the DNA damage locus in ∼50% of the lesions. These data together suggest that DICER represents an essential factor in nucleotide excision repair in human cells and in *C. elegans*.

DICER interacts with ZRF1 and its recruitment to chromatin is dependent on ZRF1 {#SEC3-2}
-------------------------------------------------------------------------------

In order to further investigate the function of DICER in NER, we expressed FLAG tagged DICER in HEK293T cells and performed immunoprecipitations followed by mass spectroscopy ([Supplemental Table S1](#sup1){ref-type="supplementary-material"}). We observed that DICER interacts strongly with ZRF1. We further confirmed this interaction by immunoblotting the aforementioned immunoprecipitated material (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}). The interaction of the two proteins was recapitulated in reverse immunoprecipitation experiments using FLAG tagged ZRF1 as well ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). We additionally assessed the nuclear distribution of chromatin bound ZRF1 and DICER in both UV unexposed and UV exposed cells. We found that DICER co-localized with ZRF1 foci at chromatin after UV damage, further confirming the interaction of the two proteins ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). Next, we assessed the functional interplay of DICER, ZRF1 and the E3 ligase RING1B, which is essential for ZRF1 recruitment to the damage site ([@B12]). To this end, we transfected HEK293T cells and HEK293T cell lines expressing short hairpin RNAs (shRNAs) targeting RING1B and ZRF1 with control or DICER siRNA pools followed by UV irradiation (Figure [2C](#F2){ref-type="fig"}). We observed that knockdown of both ZRF1 and RING1B had an adverse effect on recruitment of DICER to chromatin. These data suggest that RING1B dependent mono-ubiquitylation of H2A and hence tethering of ZRF1 are a prerequisite for DICER recruitment to chromatin. In contrast, siRNA mediated knockdown of DICER did not affect recruitment of RING1B or ZRF1 (Figure [2C](#F2){ref-type="fig"}, [Supplementary Figure S2D](#sup1){ref-type="supplementary-material"}), suggesting that DICER probably plays a role downstream of ZRF1.

![DICER interacts with ZRF1 and is recruited to chromatin in a ZRF1 dependent manner. (**A**) ^FLAG-HA^DICER along with its interactors, was purified from HEK293T cells and the purified material was subjected to mass spectrometry. Strong interaction was seen with ZRF1. The table shows the number of peptides identified by mass spectroscopy for DICER and ZRF1. (**B**) Western blot showing co-immunoprecipitation of ZRF1 in a ^FLAG-HA^DICER purification. (**C**) (Left panel) The blot shows levels of the indicated proteins in chromatin fractions from cells 1 h post UV exposure. Control and DICER siRNA was transfected into the indicated stable shRNA knockdown cell lines. (Right panel) Quantification of C. The graph shows the relative band intensities for DICER, normalized to a loading control (Ponceau) for control and DICER knockdown cells in the indicated knockdown cell lines in --/+UV conditions. (**D**) RNAse treatment leads to loss of DICER and ZRF1 from chromatin. The blot shows levels of the indicated proteins in the chromatin fraction from cells subjected to RNAse treatment.](gkx261fig2){#F2}

DICER and ZRF1 interactions with chromatin are RNA dependent {#SEC3-3}
------------------------------------------------------------

DICER contributes to the generation of heterochromatin and it is known to bind and process RNA ([@B16],[@B17],[@B40]). Hence, we next examined whether the association of DICER with chromatin observed after UV irradiation was mediated by RNA. To this end, we irradiated HEK293T cell lines (shControl and shZRF1), permeabilized them and subsequently treated them with RNAseA, prior to cross-linking and chromatin purification (Figure [2D](#F2){ref-type="fig"}). Upon RNAseA treatment, DICER was completely lost from the chromatin fraction whereas ZRF1 levels at chromatin were dramatically reduced in control cells. Next, we assessed the levels of XPA, a core NER protein involved in damage verification. XPA levels at chromatin were unaffected upon RNAse digestion (Figure [2D](#F2){ref-type="fig"}). Similarly, we assessed the chromatin bound levels of ZRF1 and DICER by immunofluorescence in presence and absence of RNAseA. We found that RNAse treatment completely disrupted the previously observed foci of ZRF1 and DICER in UV exposed cells ([Supplementary Figure S2B and C](#sup1){ref-type="supplementary-material"}). These data suggest that DICER and ZRF1 association with chromatin is dependent on RNA.

Considering the RNA dependent association of both DICER and ZRF1 with chromatin, we further examined whether their interaction with each other, is also RNA dependent. To this end, we immunoprecipitated FLAG-tagged DICER and ZRF1, and subsequently incubated the beads in presence or absence of RNAseA. We did not observe a significant change in the ZRF1-DICER interaction upon RNAseA treatment ([Supplementary Figure S2D](#sup1){ref-type="supplementary-material"}). We additionally performed a SILAC experiment involving a selective degradation of dsRNA and ssRNA species to quantitatively determine the effect of RNAseA treatment on DICER-ZRF1 interaction. We found no dependence of the DICER--ZRF1 interaction on RNA (data not shown). Collectively, these data suggest that DICER and ZRF1 are associated with chromatin in a RNA dependent fashion.

DICER and ZRF1 are required for chromatin decondensation after UV damage {#SEC3-4}
------------------------------------------------------------------------

We next addressed the potential functions of DICER and ZRF1 in NER. DICER is known to play a role in establishing heterochromatin by processing small RNAs that maintain a condensed chromatin configuration ([@B40]). ZRF1 mediates remodeling of multiprotein complexes at chromatin ([@B12],[@B15],[@B41]) and might interact with chromatin remodeling complexes ([@B15]). Thus, we hypothesized that DICER and ZRF1 might impact on the chromatin conformation. We additionally performed a purification of FLAG tagged ZRF1, followed by mass spectroscopy to identify its interactors. Upon examining the interactors of both ZRF1 and DICER, we found several chromatin remodelers (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). Notably, a strong interactor of both ZRF1 and DICER was PARP1, which is known to play a role in chromatin decondensation during NER ([@B42]). The *Access-Prime-Repair* model of DNA damage repair suggests that chromatin decondensation precedes DNA repair and is required for access of the repair machinery to the lesion site. We therefore performed MNAse assays to determine the chromatin conformation in both unexposed cells and 1 h after UV irradiation. Knockdown of ZRF1 did not show a significant effect on chromatin structure in unexposed cells (Figure [3C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}). In agreement with the known role of DICER in heterochromatin maintenance, we observed that chromatin from unexposed shDICER cells was more efficiently digested by MNAse than chromatin from control cells (shScrambled) indicated by higher levels of DNA of lower molecular weight (Figure [3E](#F3){ref-type="fig"} and [F](#F3){ref-type="fig"}). In contrast, upon exposure to UV, we noticed an increase in DNA of high molecular weight in both ZRF1 and DICER knockdown cells (Figure [3C](#F3){ref-type="fig"}--[F](#F3){ref-type="fig"}, [Supplementary Figure S3A--D](#sup1){ref-type="supplementary-material"}). This is reflective of a more condensed chromatin state. The chromatin condensation observed in ZRF1 knockdown cells is concurrent with our earlier observation that ZRF1 is required for eviction of RING1B from chromatin ([@B27]). Prolonged binding of RING1B causes elevated H2A--ubiquitin levels, which are also a marker for condensed chromatin. Thus, also given the physical interaction of DICER and ZRF1 we speculate that both together are required for efficient de-compaction of chromatin after UV exposure.

![DICER and ZRF1 play a role in chromatin remodeling post UV exposure. (**A, B**) DICER and ZRF1 interact with various chromatin remodelers. ^FLAG-HA^DICER or ^FLAG^ZRF1 along with its interactors, was purified from HEK293T cells and the purified material was subjected to mass spectrometry. Multiple proteins with chromatin remodeling functions were found to interact with DICER and ZRF1. The table shows peptide numbers for selected proteins obtained by affinity purification. (**C--F**) ZRF1 and DICER play a role in chromatin decondensation post UV exposure. Quantification of band intensities of MNAse digested chromatin from UV exposed cells in the indicated control and knockdown cells. Band numbers 1--8 depict DNA of high to low molecular weight. The graph shows the mean band intensity ±SD calculated from three independent experiments.](gkx261fig3){#F3}

In order to determine whether the effect on chromatin decondensation is direct or indirect, we made use of a LacO tethering system in U2OS 2-6-3 cells ([@B43]) to directly examine the effect of ZRF1 or DICER tethering to a chromatin array. The LacO array in 2-6-3 cells is known to be heterochromatinized under normal conditions, and the size of the array is used as a common marker for the state of condensation/de-condensation of the chromatin array ([@B43]). We found that tethering of ZRF1 led to an increase in the array size compared to the mCherry-LacR tethered control array (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). Similarly, tethering of DICER also led to an increase in size of the chromatin array (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). Interestingly, DICER had an even stronger effect on array size than ZRF1 alone. This might suggest that the ZRF1-mediated decondensation occurs potentially by function of DICER. In order to further dissect the role of DICER and ZRF1 in regulating array size, we tethered ZRF1--LacR to the array in control and DICER knockdown cells. We found that knockdown of DICER reduced the ZRF1 dependent increase in array size (Figure [4C](#F4){ref-type="fig"}). However, co-tethering of ZRF1 and DICER did not further increase the size of the array as compared to tethering of DICER alone ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). These data together suggest that DICER and ZRF1 are potentially involved in chromatin decondensation via similar mechanisms, and that ZRF1 acts in a DICER dependent manner.

![ZRF1 or DICER tethering facilitates decondensation of a chromatin array. (**A**) Representative immunofluorescence images showing the size of the LacO array after tethering of mCherry-LacR (control), ZRF1-LacR, DICER-LacR or DICER^44ab^-LacR. (**B--D**) The graph shows the distribution (Min to Max) of percentage of nuclear area occupied by the specified tethered array in the specified knockdown conditions. Array size was measured in 50--100 cells from two independent experiments. Statistical significance was assessed by an unpaired *t*-test. (**E, F**) Quantification of band intensities of MNAse digested chromatin from UV exposed cells in shDICER cells expressing either wildtype or mutant DICER. Band numbers 1--8 depict DNA of high to low molecular weight. The graph shows the mean band intensity ±SD calculated from three independent experiments.](gkx261fig4){#F4}

DICER has been described to play a role in the establishment of heterochromatin via processing of small RNAs ([@B44]). Recently, it was also shown that DICER contributes to acetylation of histones via small RNA mediated recruitment of TIP60 ([@B45]). Hence, we wanted to determine whether the effect of DICER on chromatin decondensation was also dependent on the RNA processing activity of DICER. Thus, we generated a completely inactive DICER mutant (DICER^44ab^) ([@B46]). We tethered DICER^44ab^ --LacR to chromatin, and analyzed the array size as a measure of chromatin decondensation (Figure [4A](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). Surprisingly, we found that the array size was similar when tethering either wildtype or mutant DICER. Thus, it seems that the potential role of DICER in chromatin decondensation is unrelated to its ribonuclease activity.

In order to confirm these findings, we compared the activity of wildtype and mutant DICER on chromatin in UV exposed cells. We expressed either mCherry-DICER or mCherry- DICER^44ab^ in shDICER cells ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}) and then performed an MNase assay on unexposed cells and and after UV exposure. We found that expression of wildtype DICER was able to reverse the overall decondensation of chromatin observed in unexposed DICER knockdown cells (Figures [3F](#F3){ref-type="fig"} and [4E](#F4){ref-type="fig"}). In contrast, the cells expressing DICER^44ab^ retained the decondensed state observed in unexposed shDICER cells suggesting that the catalytic function of DICER is essential for maintenance of heterochromatin in unchallenged cells (Figure [4F](#F4){ref-type="fig"}). However, upon exposure to UV light, we did not observe a shift towards a more condensed state in either wildtype or mutant DICER expressing cells. (Figures [3F](#F3){ref-type="fig"}, [4E](#F4){ref-type="fig"} and [F](#F4){ref-type="fig"}). Thus both wildtype DICER and the inactive mutant were able to rescue the chromatin conformation phenotype of DICER knockdown cells in response to UV damage. This suggests that the catalytic activity of DICER might be dispensible for the observed conformational changes after UV irradiation. In order to evaluate whether the catalytic activity of DICER is essential for NER, we expressed mCherry-DICER or mCherry- DICER^44ab^ in MRC-5 cells, and performed a UDS assay. We found that expression of the enzymatically inactive DICER mutant did not have a detrimental effect on repair activity, as measured by UDS ([Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}). These data together point towards a potential role of DICER in NER that is independent of its catalytic activity.

It has been previously reported that DDB2 facilitates decondensation of chromatin upon tethering to a chromatin array ([@B26]). Since DDB2, ZRF1 and DICER operate in the GG-NER pathway, we wanted to determine whether the decondensation mediated by DDB2 also occurs in a DICER dependent manner, and vice versa. To this end we performed an experiment to co-tether DDB2 with either DICER or ZRF1, followed by measuring the size of the array. Notably, we found that co-tethering of DDB2 leads to an increase in both the ZRF1 and DICER mediated decondensation (Figure [5A](#F5){ref-type="fig"}--[D](#F5){ref-type="fig"}). This additive effect suggests that chromatin decondensation via DDB2 or DICER/ZRF1 is in fact initiated independently of each other. In order to substantiate this finding, we measured the array size of the DDB2 tethered chromatin array in control and DICER knockdown cells. We found that knockdown of DICER did not affect the DDB2 mediated chromatin decondensation ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). We additionally assayed the DICER mediated decondensation in control and DDB2 knockdown cells. We found that knockdown of DDB2 had no effect on the DICER mediated decondensation ([Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}) supporting that DICER and DDB2 might potentially contribute to decondensation of chromatin independently.

![Co-tethering of ZRF1 or DICER with DDB2 increases array decondensation. (**A, C**) Representative images showing size of the LacO array after double tethering of mCherry-LacR-ZRF1 or mCherry-LacR-DICER with either EGFP-LacR (control) or EGFP-LacR-DDB2. (**B, D**) The graph shows the distribution (Min to Max) of percentage of nuclear area occupied by the specified tethered array. Array size was measured in 50--100 cells from two independent experiments. Statistical significance was assessed by an unpaired *t*-test.](gkx261fig5){#F5}

DICER and ZRF1 mediated decondensation requires PARP activity {#SEC3-5}
-------------------------------------------------------------

Finally, we wanted to determine a potential mechanism by which ZRF1 and DICER might lead to decondensation of chromatin. It is well established that DDB2 decondenses chromatin in a PARP1-dependent manner ([@B26]) and that efficient NER requires parylation ([@B3]). In line with these findings and in agreement with our interaction data (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}), we examined whether ZRF1 and DICER mediated decondensation is also PARP dependent. To this end, we incubated DICER or ZRF1-LacR expressing cells with IPTG, followed by an IPTG release to enable chromatin binding of the LacR-fusion protein and treatment with a PARP inhibitor (KU-0058948). We subsequently fixed the cells after a 16 h incubation with PARP inhibitor and measured the array size. We found that inhibitor treatment reduced ZRF1 mediated chromatin decondensation (Figure [6A](#F6){ref-type="fig"}). Similarly, PARPi treatment also reduced DICER mediated chromatin decondensation (Figure [6B](#F6){ref-type="fig"}). In order to further confirm the role of PARP in the activity of ZRF1 and DICER, we measured the size of the ZRF1 or DICER tethered array in control and PARP1 knockdown cells. Similar to the effect of the PARP inhibitor, knockdown of PARP1 also significantly reduced the ability of ZRF1 and DICER to cause an increase in array size (Figure [6C](#F6){ref-type="fig"}). Next, we wanted to determine if the PARP1 mediated impact on the array size is also linked to UV damage repair. To this end, we treated HEK293T cells with either DMSO or PARPi and assessed the condensation state of chromatin before and after UV exposure. Similar to the effect observed for ZRF1 and DICER knockdown, treatment with PARP inhibitor also caused an increase in condensed chromatin in UV exposed cells. In contrast, administration of DMSO did not have any significant effect on the chromatin state (Figure [6D](#F6){ref-type="fig"} and [E](#F6){ref-type="fig"}). Lastly, we directly assessed the effect of PARP1 depletion on UDS. We found that knockdown of PARP1 also reduced the repair dependent EdU incorporation after UV damage ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). Thus, PARP1 plays an important role in maintenance of chromatin state during NER.

![ZRF1 and DICER mediated decondensation is dependent on PARP. (**A, B**) (Left panel) Representative images showing the specified tethered array under specified treatment conditions. (Right panel) The graph shows the distribution (Min to Max) of percentage of nuclear area occupied by the specified tethered array, after treatment with vehicle (DMSO) or PARP inhibitor (PARPi). Array size was measured in 50--100 cells from two independent experiments. Statistical significance was assessed by an unpaired *t*-test. (**C**) The graph shows the distribution (Min to Max) of percentage of nuclear area occupied by the specified tethered array, after treatment in either control (esiControl) or PARP1 knockdown (esiPARP1) conditions. Array size was measured in 50--100 cells from two independent experiments. Statistical significance was assessed by an unpaired *t*-test. (**D, E**) Quantification of band intensities of MNAse digested chromatin from UV exposed cells in 293T cells treated with either DMSO or PARP inhibitor (PARPi). Band numbers 1--8 depict DNA of high to low molecular weight. The graph shows the mean band intensity ±SD calculated from three independent experiments.](gkx261fig6){#F6}

In sum, our data provide evidence for a novel role of DICER in cooperation with ZRF1 and PARP1 in altering the chromatin conformation during nucleotide excision repair.

DISCUSSION {#SEC4}
==========

The endoribonuclease DICER is most well-known for its role in miRNA processing and RNAi mediated silencing via the RITS complex ([@B21],[@B44]). Both these functions involve processing of RNAs by DICER to form short double-stranded RNA fragments. Additionally, DICER has also been shown to bind to rDNA ([@B47]). In this case, DICER was observed to bind to both active and inactive genes but its effect on the chromatin conformation remained uncertain. Furthermore, DICER was shown to operate at DSBs ([@B16],[@B17]). Although the exact mechanism of dsRNAs produced by DICER in DSB repair stays elusive, it was recently reported that dsRNAs facilitate the recruitment of mediators of DNA damage signaling to chromatin ([@B20]). We assessed whether DICER also plays a role in other DNA damage pathways. Our data employing human cell lines and *C. elegans* unequivocally show that DICER is an essential player in NER. Reduction of DICER levels significantly reduces the incorporation of EdU in UDS assays and UV irradiated dcr-1 strains show a severe germ line phenotype causing high mortality. In contrast, DICER depletion does not affect RRS, thus linking DICER preferentially to the GG-NER pathway. These findings are in agreement with the observed interaction of DICER and ZRF1, which is an important player in the GG-NER branch ([@B12],[@B15]), and their localization to DNA damage sites.

Apart from its remodeling function at the DNA damage site ([@B12]), the H2A--ubiquitin binding protein ZRF1 is important for recruiting DICER to chromatin after UV irradiation. This further suggests that DICER is functionally linked to the ubiquitin signaling cascade during damage recognition. Interestingly, the binding of both proteins to chromatin seems to be RNA-dependent. In contrast, the interaction of both factors is not stabilized by RNA as judged by immunoprecipitation experiments involving RNAse digestion. Hence, RNA is probably not a scaffold for a putative protein complex consisting of ZRF1 and DICER but rather important for maintaining or recruiting these factors at chromatin. However, the exact role and nature of this RNA is still unclear.

Our mass spectroscopy experiments revealed a strong association of both ZRF1 and DICER with chromatin remodeling factors, and most notably with PARP1. In agreement with a potential function in chromatin remodeling, we observed a strong impact on the chromatin conformation after UV irradiation upon knockdown of ZRF1 or DICER. Likewise, when tethering both proteins to a genomic locus we observed a significant increase in size of the locus, implying a role in the decondensation of the locus. The decondensation seems to be carried out primarily by DICER, since knockdown of DICER also reduces the ZRF1 dependent decondensation. Hence, it appears that both proteins are involved in the decondensation of chromatin, which is an important prerequisite for DNA repair. ZRF1 had been linked to remodeling of protein complexes previously ([@B12],[@B15]), however, here we provide evidence that it might play an additional role in chromatin remodeling during NER. DICER had been demonstrated to be involved in the formation of heterochromatin during gene silencing but whether it impacts on chromatin remodeling during DSB repair is still unknown. Here, we provide experimental evidence for a novel function of DICER which promotes the decondensation of chromatin. Consistent with their interaction with PARP1, ZRF1 and DICER mediated chromatin decondensation is entirely abolished when adding PARP inhibitors or when knocking down PARP1. This finding further substantiates potential functions of DICER and ZRF1 in chromatin remodeling. Interestingly, we found that DICER mediated chromatin decondensation is independent of its ribonuclease activity. Thus, even though the recruitment of DICER and ZRF1 to chromatin may potentially involve RNA, the decondensation activity likely does not.

Taken together our data highlight a novel and unexpected common role for ZRF1 and DICER during NER. DICER, apart from its catalytic function, harbors multiple domains that might be involved in recruitment of factors that drive the decondensation of chromatin. One potential candidate for such a function is evidently PARP1. Moreover, though speculative, the helicase activity of DICER might be involved in the decondensation process. Clearly, our study foreshadows also an RNA-independent chromatin remodeling function for DICER at DSBs, where the relationship of dsRNAs produced by DICER and its potential role in chromatin remodeling might be studied in more detail. Future research will certainly unveil the underlying molecular mechanisms.
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